Over the past eight years an increasing number of investigators have found SV40 genomic sequences in a variety of human samples, both malignant and normal. Tumor types recurrently reported as SV40-positive include choroid plexus neoplasms, ependymomas, osteosarcomas, and mesotheliomas. Nonetheless, considerable skepticism that SV40 is a human pathogen still prevails. More constructively, the study of SV40 in humans has renewed interest in the related BK and JC viruses and their role in human disease. New questions now must be addressed. In particular, seroepidemiologic studies utilizing reagents that distinguish SV40, BKV, and JCV immune responses would be a logical next step for independently assessing viral prevalence. Also, prospective studies of select patient groups using optimized detection methods might determine whether SV40 is associated with human oncogenesis in particular circumstances. The importance of such research is underscored by the potential to prevent human polyomavirus infections, and possible associated malignancy, through immunization of high risk populations.
Introduction
Simian virus 40 (SV40) has been a model experimental system for the study of cell transformation and tumorigenesis since its discovery in the late 1950s as a contaminant of the Salk polio vaccine. During the 1970s and 1980s, Southern hybridization techniques coupled with viral T(tumor)-antigen immunohistochemistry and electron microscopic visualization of viral particles, suggested that SV40 may be present in human malignancies (e.g. [1, 7] ). However, these data were criticized because of technologic problems such as DNA cross-hybridization, cell culture contamination with SV40, and T-antigen immunologic reagents that cross-reacted with proteins of the recently discovered human JC and BK viruses.
With the advent of polymerase chain reaction (PCR) detection methods, a resurgence of investigations again found SV40 in a variety of human neoplasms as well as normal tissues. Bergsagel et al. [2] utilized PCR primers directed at the Rb binding site of large Tantigen to search for BKV and JCV viruses in rare human childhood brain tumors, e.g. choroid plexus neoplasms and ependymomas. These tumors were investigated based upon rodent animal models where similar neoplasms developed as a consequence of viral inoculation, and from a transgenic mouse model expressing SV40 large T-antigen from the native viral promoter, whose phenotype was the development of choroid plexus tumors. Unexpectedly, Bergsagel et al. found SV40 instead of BKV and JCV, as evidenced by DNA sequencing and restriction endonuclease digestion of PCR amplified DNA from these tumors, thus prompting further searches for SV40 utilizing the "Bergsagel" primers.
Since 1992 numerous reports of SV40-like virus sequences in human neoplasms have been reported using PCR technology. In addition to choroid plexus neoplasms and ependymomas, mesotheliomas and bone tumors have been the focus of many of these reports. Carbone et al. [3] studied mesotheliomas based upon rodent animal models indicating that these tumors could be readily induced by appropriate virus inoculation. Using the Bergsagel primers, SV40-like sequences were found in mesotheliomas, and this observation has been subsequently verified in many laboratories and the further study of the T-ag protein in complex with cellular proteins has been pursued in detail. Detection of SV40-like sequences in bone tumors was uncovered during a large survery of tumor DNAs for viral sequences [4] . Recently, Mendoza et al. [13] detected SV40 by Southern blot hybridization in osteosarcoma tumor DNA, thus extending these PCR observations.
Aside from choroid plexus neoplasms, ependymomas, bone tumors, and mesotheliomas, SV40-like sequences have been sporadically found by PCR methods in a variety of human tissues and neoplasms including peripheral blood, semen, papillary thyroid cancer and [6, 12, 14] ). However, reproducibility of these findings has been inconsistent. Perhaps encouraged by the SV40 data, other investigators have detected JCV in colon cancer [9] and medulloblastomas [8] , and BKV in neuroblastoma [5] . These are ubiquitous human polyomaviruses however, and a cause-effect relationship with tumor development remains to be established.
PCR detection of SV40 sequences in tumor tissue has been less than facile [10] . Commonly many PCR cycles (40-60) are required. This difficulty in amplification has been attributed to inefficiencies in extracting tumor DNA from archival paraffin-embedded tissue samples. Also, DNA isolation from the samples is a potential problem, and commercial plasmid isolation kits have been found inferior to direct precipitation of total DNA. Recently, the possibility that supercoiled viral genomes resistant to PCR amplification can be overcome by topoisomerase I relaxation has been raised [9] . BKV and JCV DNA sequences are very similar to those of SV40 in the regions most frequently amplified, and concurrent presence of BKV/JCV must be assayed as well as SV40. Immunohistochemical identification of T-antigen remains problematic because current antibody reagents do not adequately distinguish between SV40/BKV/JCV T-antigens, emphasizing the importance of assaying for all three viruses by PCR before attributing T-antigen staining to a specific agent.
Despite technological hurdles and questions concerning specificity of detection and sources of PCR contamination, many independent observations suggest the validity of SV40 identification. First, direct DNA sequencing of the PCR-amplified products distinguishes them from BKV and JCV [2] . Second, PCR amplification of other regions of the viral genome have uncovered remarkable specificities for SV40 [11] . In amplifying the viral promoter/enhancer region for example, a single 72 base pair repeat element was found for SV40 in the choroid plexus samples. This single enhancer element is characteristic of SV40 isolated directly from primates. This element quickly undergoes duplication when the virus is propagated in tissue culture, presumeably because the duplication provides a growth advantage. Thus, the single 72 base pair repeat effectively controls for laboratory strain contamination in the PCR assay. Also, PCR amplification of sequences at the carboxy terminus of large T-antigen has revealed specific base changes in the viral "hostrange" domain, so termed because of its influence on virus growth in different cell types. The Southern blot detection of SV40 sequences in osteosarcomas effectively eliminates the issue of PCR contamination [13] . The subcellular immunohistochemical localization p53 in T-antigen containing tumors is quite characteristic, with a "chunky" cytoplasmic accumulation that may be related to its specific interaction with T-antigen [5] . Finally, authentic SV40 virus has been recovered from a human choroid plexus tumor [11] .
Difficulty in easily amplifying SV40 sequences has raised skepticism about the findings [16] . These technical difficulties may have also generated a lack of reproducibility between laboratories enhancing the skepticism. Calculations of viral copy numbers have given estimates of 1 viral genome per 10 tumor cells, confounding explanations for a cause-effect relation to tumor development and raising issues of PCR contamination. Epidemiologic studies have failed to confirm an association of increased tumor incidence in recipients of SV40-contaminated polio vaccines [15, 17] . However, these studies are based upon narrow assumptions and do not address whether SV40 may have been endemic in humans before polio vaccination, whether the virus could be horizontally or vertically transmitted from vaccine recipients, or whether specific subsets of immunocompromised individuals might be more susceptible to tumor development.
Animal models suggest that immunologic status is a powerful factor in oncogenesis by polyomavirus. In addition, genetic predisposition to cancer as found in the Li-Fraumeni families also suggests that the pathologic target for these viruses may involve unique subsets of individuals [2] . Tissue tropism of these viruses is also significant, and correlations between human cancers and those induced in laboratory animals appears strong. Geographic difference in viral prevalence may also affect the likelihood of infection at critical windows of susceptibility. Mechanisms of cause-effect remain elusive for the more ubiquitous BKV and JCV. However the SV40 T-antigen has been extensively characterized and is recognized as a potent immortalizing protein.
Unambiguous detection of SV40 T-antigen expression would strongly suggest at least a co-carcinogenic role in tumor development.
The era of PCR screening for SV40 sequences in human tissues now needs to progress to another level of inquiry. Although Southern hybridization would be desirable, viral copy number and tissue availabiltiy limits this approach. Serologic assays capable of distinguishing BKV, JCV, and SV40 immune responses would be invaluable in clarifying issues of prevalence. Specific patient groups (e.g. Li-Fraumeni) and tumor subtypes (e.g. osteosarcomas) also deserve special at-tention since they have a strong biologic basis for viral co-carcinogenesis. Thus, the combination of a specific serologic screen with improved PCR methodologies directed at defined patient populations in a prospective manner appears to be the next step in resolving the relevance of polyomaviruses, including SV40, in human tumor development. The viral T-antigens of all these viruses have the potential for being co-carcinogens and, if so, preventing infection would become a potentially powerful avenue for cancer prevention.
